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Abstract 
Continuous increase of energy demand on one hand and integration of large number of renewable energy sources on the other 
require advanced control strategies to provide an uninterrupted service and guarantee high energy efficiency. Utilities and 
transmission system operators permanently supervise production facilities and grids to compensate any mismatch between 
production and consumption. With the gradual change from a centralized system with a few large power plants to a decentralized 
and distributed generation based on many renewable energy sources, local energy management systems can contribute to grid 
balancing. This paper presents a building energy management which determines the optimal scheduling of the different 
components of the local energy system. The two-stage optimization is based on the minimization of an economic function subject 
to the physical system constraints and uses a receding horizon approach. The proposed building energy management is 
implemented using mixed integer linear programming and applied in simulation to a hotel with photovoltaic installation and 
battery system. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of KES International.  
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1. Introduction 
In modern societies, industrial development and prosperity critically depend on continuity of energy supply. A 
permanent supervision of production facilities and transmission networks is needed where utilities and network 
operators immediately compensate any difference between generation and consumption. Recent changes in the field 
of generation, from a centralized system towards a more decentralized and distributed production with massive 
integration of intermittent renewable energy sources and important load variations convert the grid balancing in a 
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challenging issue. Deployment of smart meters and availability of affordable storage systems encourage the 
implementation of local energy management systems. Buildings, which account for up to 45 % of the primary 
energy consumption in some countries [1,2], can be used to improve grid stability and energy quality. Therefore, 
building energy management systems can take part in reducing the effects of intermittent production and demand 
variations and can generate benefits for utilities, network operators and customers. Variable pricing schemes in 
combination with building energy management systems incentivize customers to reschedule their energy 
consumption to reduce it during peak times and to increase it periods with low demand. Hence, real-time pricing and 
time-of-use tariffs provide utilities, network operators and retailers a vehicle that can be used to pass on the actual 
costs of generation, transmission and distribution to the customer [3,4,5]. Besides, a direct link between wholesale 
and retail market is a necessary condition for a dynamic, efficient and competitive energy market. 
The growing interest both from the industrial sector and the scientific community led to an increasing research in 
building energy management. A large number of the developed techniques rely on the minimization of resulting 
energy costs, including receding horizon strategies based on model predictive control (MPC) [6,7], multi-agent 
systems [8,9], mixed integer linear programming [10,11] and game theory [12]. In contrast, the maximization of the 
reward obtained from a temporal reduction of the amount of energy drawn from the electric grid has been proposed 
in a demand bidding program for hotel energy management [13]. The participants may respond to the external bid 
and reduce their energy consumption or operate as usual without any monetary savings or other benefits. The home 
energy management proposed in [14] contains a multi-objective approach for stability enhancement, long-term 
performance optimization and energy trading. The strategy developed in [15] uses a genetic algorithm to minimize 
both energy costs and appliance operation delays. Besides, this approach enables the reduction of the power peak-to-
average and leads to an improved grid stability. 
This work presents the development of a building energy management based on a receding horizon strategy. The 
proposed two-stage optimization considers the predictions of the local generation and the consumption as well as the 
physical constraints of the energy system. The optimal scheduling is determined by minimizing a cost function in 
each optimization stage. The optimization problems are formulated as mixed integer linear programs (MILP) which 
can be easily solved by suitable solvers. 
The paper is organized as follows: Section 2 describes the general idea of local energy management, different 
components and related issues. Section 3 presents the proposed building energy management with the two-stage 
optimization. The definition and implementation of a case study, a medium size hotel with photovoltaic panels and 
battery system, is given in Section 4. Some of the obtained simulation results are presented in Section 5. Finally, in 
Section 6 the most important conclusions are drawn. 
2. Problem description 
Energy management systems have to ensure a continuous supply, energy quality, grid stability and security of the 
used infrastructure. Traditionally, utilities and transmission network operators used the load-following approach to 
compensate any mismatch between generation and consumption, i.e. the production of energy was following the 
demand. With an integration of a large number of renewable energy sources and with a shift towards more 
distributed and decentralized generation, the traditional energy management scheme has become more complex. 
Besides, wind turbines and photovoltaic panels are not suitable for grid stabilization issues due to their intermittent 
and unpredictable generation and impossible up-regulation. 
Recent changes in the energy sector intensified research on local energy management both in companies and 
scientific communities. The enormous potential of local energy management, including building energy 
management, can be used to reduce the adverse effects of load variations and intermittent generation. Modern 
techniques such as demand response and load shaping introduce an opportunity to improve grid stability and energy 
quality. The use of local energy management allows a closer tracking of generation and enables an easier reduction 
of the mismatch between production and consumption. 
Building energy management strategies usually determine the optimal scheduling for all components of an energy 
system. Typical components of such an energy system include customer demand, local generation, storage devices 
and grid connection, see Fig. 1. The optimization approach combines both local and global aspects and computes the 
best solution under consideration of the physical constraints of the system. By including variable pricing schemes 
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(dynamic pricing or time-of-use tariffs) in the building energy management an incentive to reduce consumption 
during peak times can be offered. Besides, detailed predictions of the consumption and generation are required by 
the building energy management. 
In most energy management strategies the optimal scheduling is the solution to an optimization problem. The 
optimization is commonly based on the minimization of the cost function subject to several constraints. The cost 
function is usually an economic index related to the energy costs, i.e. the energy management minimizes the costs of 
the energy supply. Generally, the optimal solution x* is defined as: 
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where x consists of discrete or continuous decision variables and F(x) is the cost function. The given optimization 
problem includes both inequalities (g(x)0) and equalities (h(x)=0). Note that the energy management computes the 
optimal scheduling over the considered horizon using the available predictions. Usually, only the values for the 
current sample contained in the optimal solution x* are applied to the system. In the following sample updated 
predictions are used to compute a new solution leading to a receding horizon strategy. 
3. Building energy management 
The building energy management optimizes the operation of all components of the energy system in presence of 
physical constraints such as capacity limitations. The following sections explain the principles of the proposed 
building energy management. 
3.1. Overview
In general, building energy systems comprise a wide range of different components affecting the energy balance. 
The most common elements are dispatchable generation systems (e.g. diesel generators), non-dispatchable 
generation (e.g. photovoltaic installations), grid connection, storage (e.g. batteries), non-controllable loads (e.g. 
cooking) and controllable loads. The controllable loads can be divided into two categories: deferrable loads (e.g. 
laundry) and power-level controllable loads (e.g. air conditioning). The deferrable loads can be shifted freely in a 
given period whereas the power-level controllable loads can vary their powers over interval around the nominal 
value (e.g. between 90 % and 110 %). 
The building energy management for the considered system has to combine the available information from 
internal and external sources and compute the optimal solution for the underlying problem. An important issue in the 
 
Fig. 1. General scheme of the key elements considered in a demand side management approach. 
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development of an energy management is the choice of the optimization horizon and sampling time. On one hand, a 
long horizon and relatively small samples lead to an optimization with a high computational burden. On the other 
hand, a short optimization horizon with rather long samples has a negative effect on the quality of the solution. 
Hence, the choice of the optimization horizon and the sampling time represents a trade-off that ensures fast 
optimization and good scheduling. 
The proposed building energy management is based on a two-stage optimization approach with different horizons 
and sampling times in each stage, see Fig. 2. In the first stage a medium term optimization problem defined over a 
horizon of one day and with the sampling time of one hour is solved. In the second stage, the results obtained in the 
medium term optimization are used to define the short term optimization problem. The solution to this problem 
contains the optimal scheduling over a horizon of one hour with a sampling time of five minutes. From the obtained 
short term solution only the scheduling for the current sample is applied to the energy system. In the next sample, the 
short term optimization is repeated by using updated values. After 12 samples, i.e. 1 hour, the building energy 
management solves a new medium term optimization problem over a horizon of 1 day. Generally, the proposed 
energy management is suitable to be used in an integrated building management system (BMS). The following 
sections present general descriptions of the medium and short term optimizations. 
3.2. Medium term optimization 
The medium term optimization computes the optimal scheduling for the considered energy system over a horizon 
of one day (hm=1 d) with a sampling time of one hour (tm=1 h). The one-day-ahead predictions of the different loads 
and non-dispatchable generation, the state of charge (SOC) of the available storage as well as the energy prices of 
the different sources (including negative prices for possible benefits, e.g. energy export to the main grid) are 
employed to define the optimization problem, see Fig. 3. 
 
Fig. 2. General structure of the proposed two-stage optimization approach. 
 
Fig. 3. Scheme of the medium term optimization. 
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The solution to the problem contains the optimal scheduling for the deferrable loads, storage, the dispatchable 
generation and grid connection. In the medium term optimization the power-level controllable loads are considered 
as non-controllable loads. Using the nominal values, the power-level controllable loads are not optimized at this 
stage of the building energy management. The optimization of these loads is carried out later in the short term 
optimization (see Section 3.3). The scheduling of the storage and the deferrable loads will be used to define the short 
term optimization problem and will not be recalculated in the second stage of the optimization. This method 
guarantees a constant power for the storage and the deferrable loads during one hour and avoids changes after each 
short term optimization. In contrast, the obtained scheduling for the dispatchable generation and the grid connection 
is discarded and recalculated in the short term optimization. 
3.3. Short term optimization 
The short term optimization is carried out over a horizon of one hour (hs=1 h) with a sampling time of five 
minutes (ts=5 min), i.e. the optimal short term scheduling is computed 12 times between two successive medium 
term optimizations. The corresponding optimization problem is defined by using the following data (see Fig. 4): 
x scheduling of storage devices and deferrable loads (obtained from the medium term optimization, see Section 
3.2), 
x one-hour-ahead predictions for non-controllable loads, non-dispatchable generation and power-level 
controllable loads, 
x energy prices for different sources. 
This stage of the building energy management determines the optimal scheduling for the following components 
of the energy system: 
x power-level controllable loads, 
x dispatchable generation, 
x grid connection. 
It is important to underline that the short term optimization does not calculate the scheduling for the battery and 
the deferrable loads. For these components the results obtained in the medium term optimization are resampled using 
the sampling time of 5 minutes, i.e. the power of these components is maintained constant between two medium 
term optimizations. 
3.4. Mathematical problem definition 
The building energy management system based on the proposed two-stage approach is expressed in the 
mathematical form given in (1). The two optimization problems have a similar structure and have been defined using 
linear cost functions and linear constraints. Furthermore, in both cases continuous and discrete decision variables 
have been employed in the problem definition. Hence, the optimization problems are given as two mixed linear 
integer programs (MILP) and can be solved by appropriate numerical solvers. 
4. Case study 
The proposed building energy management was tested in a simulated case study. The building energy system and 
the implementation of the energy management will be described in this section. 
4.1. Building energy system 
A small to medium size hotel has been chosen to apply the building energy management. The considered energy 
system is used to verify the proposed two-stage optimization approach.  
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The energy system of the hotel is formed by the following components on the supply side: two diesel generators 
with their nominal power of 10 kW and 20 kW, a photovoltaic system with its installed capacity of 20 kW and a grid 
connection which is limited to the range between -30 kW (export) and 30 kW (import). The hotel also has a battery 
with the total capacity of 50 kWh with maximum rates for charging and discharging of -6 kW and 6 kW, 
respectively. In order to avoid any unnecessary damage or excessive degradation, the battery is operated only in the 
interval from 20 % (10 kW) to 80 % (40 kW), i.e. the effective capacity is reduced to 30 kW. Depending on the 
energy source, different energy prices have been considered. In the case of the two diesel generators, the price of 
0.5 €/kWh is used. The energy production by the photovoltaic panels does not generate additional costs, i.e. the price 
is 0 €/kWh. Furthermore, the degradation of the battery has a cost of 0.005 €/kWh both for charging and discharging. 
In the case of the grid connection, the energy excess is refunded with -0.04 €/kWh and for the energy import a super 
off-peak tariff (see Fig. 5 for the temporal profile) with the prices of 0.204 €/kWh, 0.152 €/kWh and 0.057 €/kWh is 
considered. 
On the demand side, the case study includes some typical loads of a hotel. The considered loads can be divided in 
three main groups: non-controllable loads (kitchen, rooms and others), deferrable loads (laundry) and power-level 
controllable loads (lights and air condition). The power level controllable loads can be varied between 90 % and 
110 % of the nominal values. An additional cost of 0.4 €/kWh for a reduction or an increase of the power level 
 
Fig. 4. Scheme of the short term optimization. 
 
Fig. 5. Super off-peak tariff for the energy import from the grid. 
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avoids undesired variations in the corresponding loads. The laundry operation, i.e. the deferrable load, takes 7 hours 
with an admissible interval between 11 a.m. and 10 p.m. and a predefined period from 3 p.m. to 10 p.m. The 
building energy system determines the optimal moment of operation of the laundry within the given interval. It has 
to be underlined that the duration and the power of the deferrable load cannot be modified, i.e. stretching or 
compressing the laundry operation is not admissible. 
4.2. Implementation
The proposed building energy management has been implemented in the Matlab (release 2012a) environment in 
combination with additional software packages. The advanced modelling language provided by the YALMIP 
toolbox [16] has been used to formulate the optimization problems. The chosen SCIP (Solving Constraint Integer 
Programs) solver [17] offers a framework to handle a wide range of optimization problems, including the MILP 
problems of the proposed building energy management system. Finally, the OPTI toolbox [18] is used as an interface 
between Matlab and YALMIP on one hand and the SCIP solver on the other. 
The proposed building energy management is implemented on a personal computer running the 32-bit version of 
the operating system Windows 7 with Service Pack 1. The hardware of the computer is based on an Intel Core i3-
2330M processor at 2.20 GHz with 4 GB of memory RAM. 
5. Simulation results 
The proposed energy management was tested in simulation by using the building energy system described in 
Section 4.1. For the purpose of comparison the simulation was repeated with two other building energy management 
strategies: 
x Simple balancing strategy: only real-time power measurements are used and predictions are not considered. 
This energy management is based only on the grid, the battery and the diesel generators, i.e. the loads of the 
system are not modified by this strategy. The energy balancing uses the grid as the primary source, then the 
battery and finally the diesel generators. Any excess energy is firstly used for battery charging and then 
injected into the grid, 
x Strategy without demand flexibility: this strategy is based on the same principles as the proposed building 
energy management (same prediction horizon and same sampling), but does not consider any active demand 
management, i.e. only the grid, battery and dispatchable generation are available for energy management. 
In the first step, the simple energy balancing strategy is compared to the proposed building energy management. 
The results in Fig. 6 show that the simple strategy requires the diesel generators to satisfy part of the demand. 
Furthermore, a significant amount of energy is exported back to the main grid. In contrast, the proposed building 
energy management changes the beginning of the deferrable laundry operation to 11 a.m. As a consequence the 
energy demand can be covered by the non-dispatchable generation, grid and battery without any need for the use of 
the diesel generators. The total energy costs are 61.78 € for the simple strategy and 45.94 € for the proposed 
approach, i.e. a reduction of 25.6 % was obtained. The corresponding energy price changed from 0.192 €/kWh to 
0.143 €/kWh. 
In the second step, the performances of the strategy without demand flexibility and the proposed building energy 
management are compared (see Fig. 7). Without any option to modify the loads, the approach without demand 
management uses the 10 kW generator to satisfy the peak loads in the evening hours. In comparison with the 
proposed energy management, the strategy without demand flexibility leads to significantly higher charging and 
discharging activities. The energy costs of 57.07 € obtained without demand management led to an energy price of 
0.177 €/kWh. The application of the proposed strategy reduced the energy costs to 45.94 € and the energy price to 
0.143 €/kWh. The use of the proposed energy management led to a reduction of 19.5 % in the energy costs in 
comparison to the strategy without demand flexibility.  
In the presented simulation the solutions to the short and medium term optimization problems of the building 
energy management were easily computed within the used sampling times. The calculation time for the medium 
 Jorn K. Gruber and Milan Prodanovic /  Energy Procedia  62 ( 2014 )  346 – 354 353
term optimization ranges from tm,min = 0.38 s and tm,max = 0.57 s with an average of tm,avg = 0.47 s. The short term 
optimization problem was solved in average in ts,avg = 0.49 s, with a minimum of ts,min = 0.34 s and a maximum of 
ts,max = 0.68 s. 
6. Conclusions 
A building energy management has been presented based on a novel two-stage optimization under consideration 
of physical constraints of the energy system. The optimization problems include both continuous and discrete 
decision variables and can be expressed as mixed integer linear programs. In order to improve the energy 
management, the proposed optimization strategy can be integrated into a building management system. 
 
Fig. 6. Comparison of the simulation results obtained with the proposed building energy management (solid line) and the simple energy balancing 
strategy (dash-dotted line). 
 
Fig. 7. Comparison of the simulation results obtained with the proposed building energy management (solid line) and the strategy without 
demand flexibility (dash-dotted line). 
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The optimal scheduling for the different components of the energy system is computed in two successive steps. 
The first step consists in solving a medium term optimization over a horizon of one day with a sampling time of one 
hour. In the second step, the scheduling for some components of the energy system is refined for the next hour with 
the sampling time of 5 minutes. The proposed two-stage approach provides the opportunity to compute the optimal 
scheduling for a long horizon (one day) and a small sampling time (five minutes) by solving two optimization 
problems of relatively low computational complexity. 
The building energy management was implemented in the Matlab environment and additional toolboxes were 
used to solve the optimization problems. The proposed strategy was used in a case study to compute the optimal 
scheduling for a hotel energy system including a photovoltaic installation and a battery. The simulation results 
demonstrated the performance of the two-stage optimization approach and showed a reduction in the energy costs of 
19.5 % and 25.6 % with respect to two other energy management strategies used for comparison purposes. 
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